ABSTRACT: The swelling properties of smectite clay minerals are relevant to many engineering applications including environmental remediation, repository design for nuclear waste disposal, borehole stability in drilling operations, and additives for numerous industrial processes and commercial products. We used molecular dynamics and grand canonical Monte Carlo simulations to study the effects of layer charge location, interlayer cation, and temperature on intracrystalline swelling of montmorillonite and beidellite clay minerals. For a beidellite model with layer charge exclusively in the tetrahedral sheet, strong ion−surface interactions shift the onset of the two-layer hydrate to higher water contents. In contrast, for a montmorillonite model with layer charge exclusively in the octahedral sheet, weaker ion−surface interactions result in the formation of fully hydrated ions (two-layer hydrate) at much lower water contents. Clay hydration enthalpies and interlayer atomic density profiles are consistent with the swelling results. Water adsorption isotherms from grand canonical Monte Carlo simulations are used to relate interlayer hydration states to relative humidity, in good agreement with experimental findings.
■ INTRODUCTION
Smectites are abundant, naturally occurring clay minerals that readily swell in the presence of water. In addition to waste repository site selection, understanding the swelling process is relevant to many environmental and industrial processes. Clays play an important role in limiting the transport of hazardous contaminants in the subsurface. 1−3 They are also used commercially in cosmetics, pharmaceuticals, and construction materials and as catalysts. 4−8 The swelling properties of clay phases also contribute to their use as engineered barriers in nuclear waste repositories 9−12 and for preserving borehole stability during drilling during oil and gas production. 13 In particular, smectite clay is a key component of the engineered barrier system (EBS) considered in the disposition of high level nuclear waste in geological environments. The performance of EBS design concepts as a result of near-field geochemical interactions with barrier materials, including the host−rock natural barrier, are key to the long-term safety assessment of deep geological repositories. 14−16 Of particular importance is the disposition of heat-generating nuclear waste in canister configurations that could result in elevated temperature scenarios (e.g., in excess of 100°C). Therefore, the response of swelling clay material to temperatures above ambient in the presence of fluids is important to long-term EBS performance. 15, 17 A repository for disposition of nuclear waste depends on several scientific factors, including how the local geological material will respond mechanically to changes in humidity and temperature. Due in part to the relatively high adsorptive capacity of smectite clay phases, repository sites can include clay-based shale formations with the use of smectite clay as an engineered backfill material surrounding the emplaced waste packages. A molecular-level understanding of the swelling and mechanical properties of smectite claysand the effect of humidity and temperatureare needed to evaluate the basis for thermal limits and the resulting isolation performance of engineered and natural clay barriers.
Smectite clays are a natural product of the weathering and decomposition of igneous rocks. 18 Formed in a "T−O−T" layered pattern made from tetrahedral (T) silicate sheets surrounding octahedral (O) aluminum sheets, smectite clay layers are approximately 10 Å think. Isomorphic substitutions can occur in either the tetrahedral or octahedral sheets, resulting in a net negative charge that is balanced by hydrated cations located in the interlayer region. The interaction between negatively charged clay layers and positively charged interlayer cations controls the formation of nanosized clay platelets consisting of 10 1 −10 3 clay layers. Interlayer cations readily adsorb surrounding water, and because of the limited layer charge, smectite minerals can easily swell with the influx of water into the interlayer.
Several factors influence the swelling properties of smectite minerals. Thermodynamic variables include temperature, 19 external pressure, 20 humidity (water chemical potential), 21 and solution composition (osmotic pressure) 13 whereas structural variables include layer charge, 22 charge location, 23, 24 and interlayer cation. 21, 25 However, the high degree of disorder in these clay phases and small particle sizes have limited the use of experimental methods to definitively quantify these variables. Only recently has X-ray diffraction (XRD) profile modeling been used to correlate smectite swelling properties with layer charge location, cation species, and temperature. 19,26−29 Computer simulation also offers the ability to investigate clay swelling properties at the molecular scale. Previously reported simulation data investigating the effect of layer charge location on clay swelling is limited, and the conclusions that can be drawn are varied. For example, Liu et al. reported that basal dspacing increased for three different water contents as the large charge was shifted from the octahedral layers to the tetrahedral layers. 24 However, their data showed no significant trend within the reported error. Chavez-Paéz et al. reported smaller values for an Otay montmorillonite, in which the layer charge was entirely localized to the octahedral layer, as compared to a Wyoming montmorillonite, in which a quarter of the layer charge was shifted from the octahedral to the tetrahedral sheets. 30 However, the charge density varied between the two different samples. Skipper et al. reported that the basal spacing increases with increasing tetrahedral charge layer for a Namontmorillonite. 31 They attributed this behavior to the counterions binding directly above the tetrahedral charge sites in an inner-sphere complex. Although beyond the scope of this study, future work might focus on determining the stable swelling states from free energies, similar to published work, 32, 33 using a narrow step size between water contents to help refine the data and conclusions.
In this study, we investigate the influence of temperature, cation species, and layer charge location on the crystalline swelling of smectite clays. Using molecular dynamics (MD) and grand canonical Monte Carlo (GCMC) simulations, the swelling states of Na-, Cs-, Ca-, and Mg-montmorillonite and beidellite clays were investigated at 298 and 425 K. These smectite compositions represent end-member cases in which the layer charge is located exclusively in either the octahedral sheet (montmorillonite) or the tetrahedral sheet (beidellite 4 · nH 2 O (brackets denote atoms in the octahedral and tetrahedral sheets for montmorillonite and beidellite, respectively). A representative snapshot of the Na-montmorillonite model is shown in Figure 1 .
The simulation supercell consists of five orthogonal clay layers generated from the pyrophyllite crystal structure, 34 each containing 40 unit cells in an 8 × 5 expansion, with water contents ranging from dry clay to 14.25 H 2 O·uc −1 . Typical lateral dimensions (x, y) for the 8 × 5 × 5 supercells under dry conditions were approximately 41.5 and 45.0 Å for x and y, respectively. These x and y dimensions are within 0.1 Å of the a and b dimensions reported for a unit cell of pyrophyllite using Clayff, 35 indicating that the lateral dimensions of our clay models are sufficiently converged. Water content was increased in increments of 0.75 H 2 O·uc −1
. Negative layer charge was created by substituting Mg for Al in the octahedral sheet (montmorillonite) or Al for Si in the tetrahedral sheet (beidellite). Ten different charge configurations were created for each phase, with the charge sites randomly distributed throughout each layer subject to Lowenstein's substitution rule (i.e., substitution sites cannot be adjacent to each other). 36 The model configuration with the lowest potential energy was chosen for the subsequent simulations. For the final montmorillonite supercell model, the potential energy difference between the lowest energy and highest energy configurations is 165 kJ·mol −1 , well above thermal energy at either 300 or 425 K. Further, because only adsorbed water is lost in hydrated smectites up to 200°C (473 K), 37 we are confident that our supercell models are appropriate for the range of temperatures included in this study.
Interatomic potential energy terms included van der Waals and electrostatic atomic interactions taken from Clayff. 35 Clayff is an established classical force field successfully used in a wide range of mineral and environmental applications including the accurate modeling of structure, thermodynamics, spectroscopy, physical properties, adsorption, and transport behavior of minerals and other environmental phases. 38−42 Clayff is particularly appropriate for this study in elucidating the effects of substitution sites because the partial charges of oxygen atoms coordinating lattice cations (Si, Al, Mg) depend on the local
The Journal of Physical Chemistry C Article charge substitution pattern. The flexible SPC water model of Teleman et al. was used in conjunction with Clayff. 43 Molecular dynamics simulations were performed using the LAMMPS 44 simulation package in the isobaric−isothermal ensemble (number of particles N, constant pressure P set to 1 atm, temperature T) and temperatures of 298 and 425 K. A Nose−Hoover thermostat and barostat were used to control the pressure (independently in the x, y, and z directions) and the temperature. 45−48 The coupling constants for the barostat and thermostat were 100 and 1000 time steps, respectively. A time step of 0.5 fs was used, and periodic boundary conditions were applied in all directions. Short-range interactions were truncated at 10 Å, and long-range electrostatics were computed with the particle−particle particle-mesh solver and an accuracy of 1 × 10 −4 . Independent MD simulations were performed for each water content, cation, and clay species. Simulations were initialized with cations located in the midplane of the interlayer near charge substitution sites, and waters were inserted above and below the cation layer. 49 Random interlayer configurations were generated in the canonical (NVT) ensemble (volume V) with clay layers and interlayer cations fixed at their initial coordinates while allowing water molecules to freely move. The thermostat temperature was initially increased from 298 to 1000 K over 100 ps. Cations and water molecules were then allowed to move in a 100 ps stage at 1000 K, followed by a 100 ps stage in which the temperature was decreased to either 298 or 425 K. Finally, all atoms were allowed to move, and systems were equilibrated in the NPT ensemble for 1 ns. Potential energy and atomic position data were subsequently collected over 3 ns to obtain thermodynamic and structural properties. Structural data were collected every 50 ps, and thermodynamic data were collected every 0.5 ps.
The change in potential energy ΔU(N) associated with adding water molecules to a dry clay was calculated as a function of increasing water content:
where ⟨U(N)⟩ is the average potential energy of the clay−water system containing N water molecules and ⟨U(0)⟩ is the average potential energy of the dry clay system. GCMC Simulations. Water adsorption isotherms at 300 K were obtained from GCMC simulations using the Towhee code 50 in the grand canonical ensemble (μVT), where μ is the chemical potential of water. Model systems consisted of 4 × 4 × 2 supercells of M-montmorillonite and M-beidellite (M = Na, Cs, Ca, Mg) as described above. Initial configurations of the clay layers were obtained from energy minimization of the dry clays, and layer atoms remained fixed at these coordinates during the subsequent GCMC simulations. Although this is an approximation relative to the MD simulations, maintaining fixed coordinates for clay layer atoms greatly improves the efficiency of these expensive simulations. Other than layer hydroxyl groups, whose positions can fluctuate within the layer, MD simulations indicate that atoms on the siloxane surfaces are generally immobile at aqueous interfaces. 51 Likewise, water molecules were treated as rigid bodies using the SPC\E model. 52 Values of the water chemical potential were related to relative humidity (P/P 0 ) on the basis of the saturation chemical potential, defined as the chemical potential (pressure) of a gas in equilibrium with the pure liquid. This value for SPC\E water at 300 K has been determined from GCMC simulation (−49.0 kJ·mol −1 ). 53 Treating the water vapor as an ideal gas, values of μ can then be directly calculated from the RH,
where k B is the Boltzmann constant, Λ is the thermal wavelength, and ρ is the density of the ideal gas.
Two basal d-spacing values were chosen for all clay models, corresponding to the 1W hydrate (12.0 Å) as observed in the MD swelling curves, and an expanded state at slightly larger dspacing (15.0 Å) than any of the 2W states. Molecular models were also created corresponding to plateau regions in the MD swelling curves for Mg (13.5 Å) and Ca (14.5 Å) compositions, as discussed below. Interlayer cations were initially placed in the midplane between clay layers directly above (below) layer charge sites. As in the MD simulations, short-range interactions were truncated at 10 Å, and long-range electrostatics were computed using Ewald summation with an accuracy of 1.0 × 10 . GCMC moves were made according to the following probabilities: 40% configurational-bias insertion or deletion, 15% intrabox configurational-bias molecule transfer, 15% molecule regrowth, 15% center-of-mass translation, and 15% rotation about the center of mass. Only moves involving water molecules were allowed for the first 2.5 × 10 7 steps to allow the water molecules to equilibrate in the accessible interlayer The Journal of Physical Chemistry C Article region. For the remaining 7.5 × 10 7 steps, translation moves of interlayer cations were also included with a 10% relative probability (90% of the translation moves involved water molecules). Configurations and energies were stored over the final 5.0 × 10 7 steps for subsequent energy and structure analysis.
■ RESULTS AND DISCUSSION Swelling Curves. The swelling and hydration energy curves for the montmorillonite models at 298 and 425 K are shown in Figure 2 . Standard deviations for both the basal d-spacing and hydration energies were calculated from block averaging; uncertainties in the data are less than the symbol size. The overall stepwise swelling behavior of montmorillonite agrees well with previous simulations and experimental studies, confirming that the interlayer cation has an important effect on clay swelling. 21,25,55−57 For each cation, the 1W and 2W states are identified on the basis of the location of plateaus in the swelling curves. The associated values of the d-spacing are compared with available experimental data in Table 1 , and the water contents in units of H 2 O·uc −1 are given in Table 2 . Comparing the swelling curves for monovalent cesium and sodium cations, one clearly sees that Cs-montmorillonite has an expanded interlayer space compared to that for Na-montmorillonite. This result is consistent with cesium having a larger ionic radius than sodium (1.84 Å compared to 1.16 Å). 69 Namontmorillonite shows distinct 0W−1W and 1W−2W transitions, although the 2W state is less obvious than 1W and has a slight increase in d-spacing as the water content increases. In fact, the 2W plateau region for Na-montmorillonite (7.5−9.0 H 2 O·uc −1 ) has only a slightly smaller slope than the expanded region at higher water content. In contrast, only the 0W−1W transition is observed in Cs-montmorillonite, suggesting that this smectite composition does not expand beyond the 1W state.
In general, the simulated basal d-spacings for montmorillonite agree well with previously published experimental data (Table 1) , and they are consistent with previous simulation results for montmorillonites with interlayer monovalent ions. 24,25,49,56,70−74 It should be noted that the previous studies represent a range of charge site locations and charge densities. Cs-montmorillonite does not expand to form a 2W state in nature, 58, 61 and our MD results show a gradual expansion of the interlayer without the formation of a stable 2W state. Namontmorillonite has been observed to form a three-layer hydrate at higher water content, but we did not investigate these systems in this work.
Model smectite systems with divalent cations expand at lower water content than those with monovalent cations; this is consistent with predicted behavior on the basis of cation hydration energies (Table 2) . 21, 74 Experimentally, Mg-and Camontmorillonite are known to form only two-layer hydrates. 19 As illustrated in Figure 2 , there is a distinct plateau at the twolayer hydrate for Ca-montmorillonite and a smaller, less pronounced plateau at lower water concentrations. This virtual 1W state for Ca-montmorillonite has been observed previously in simulation 73 and corresponds to an interlayer spacing of 11.95 Å. The swelling curve for Mg-montmorillonite exhibits a The Journal of Physical Chemistry C Article single plateau corresponding to a two-layer hydrate with a basal spacing of 13.61 Å. This expansion is slightly smaller than previously reported simulation data, 13.83 Å, 57 and experimental data, 13.9 and 14.85 Å. 64, 65 Trends in basal d-spacing for the beidellite models (Table 1 and Figure 3 ) show significant differences with montmorillonite, highlighting the effect of layer charge location in the tetrahedral sheet compared to that in the octahedral sheet. For the 0W and 1W states, d-spacing values for beidellite are larger than or approximately equal to that of montmorillonite. Only Mg-beidellite shows a distinct plateau in d-spacing corresponding to the 2W state. Na-and Cs-beidellite show a well-defined 1W state with a slightly flatter profile near 15.0 Å than the expanded region at higher water content. However, for the 2W state, the trend is reversed and the interlayer spacing for montmorillonite is larger than that observed by simulation for beidellite. These trends are consistent with d-spacings observed by Sato et al. 66 and Suquet et al. 67 for Na-saturated montmorillonite and beidellite as a function of relative humidity. Overall, the expansion of beidellite is considered to be intermediate between that of montmorillonite and vermiculite. 66 It should be noted that although there is good agreement between predicted and experimental d-spacings for beidellites, data values from experiments 66−68 pertain to natural samples that are not pure and to a certain extent tend to be mixed with other clays.
Potential Energies. The results for montmorillonite and beidellite are presented in Figures 2 and 3 , respectively. At high water content, ΔU(N) approaches the internal energy of bulk SPC water, −41.4 kJ·mol −1 . 43 During the first stage of hydration for the monovalent cations, the energy drops significantly below the bulk water value. As hydration continues, this energy rises before leveling off. For the divalent cations, the hydration energy drops significantly below the value for the monovalent cations before continuously increasing with water content. In the first phase of hydration at low water content, the hydration energies for beidellite are up to 10 kJ· mol −1 lower than those for montmorillonite, showing that it is energetically more favorable to add a water molecule to a system with tetrahedral charge sites near the clay−water interface than to the charge sites associated with the octahedral sheet that is removed from the interface.
Temperature Effects. The effects of temperature on basal d-spacing can be seen in Figures 2 and 3 . In general, increasing temperature results in increased d-spacing values due to the increased thermal motion of the interlayer species. This is consistent with the experimental work of Morodome and Kawamura on the swelling behavior of Na-montmorillonite. 19 For Na-montmorillonite, the swelling curves at both temperatures show distinct 1W−2W transitions at similar water contents. The shift to larger d-spacing values is most prominent in the transition regions and the least prominent in the 1W . Cesium ions remain close to the surface as the water content increases, rather than forming a single layer at the interlayer midplane. At both low and high water content, the cesium distribution forms two peaks approximately 2.2 Å from the surface oxygen atoms. No water molecules are interposed between cesium ions and the surface, indicating inner-sphere adsorption. Sodium ions in the 1W state form a broad peak with maxima near each clay surface. As the water content increases and a two-layer hydrate forms, sodium ions form a single peak at the midplane consistent with an outer-sphere surface complex. The calcium profile in the 1W state consists of a large peak at the midplane (inner-sphere complex) and two minor peaks approximately 1.0 Å from surface oxygen atoms, previously described as "anhydrous" due to their unusual adsorption within ditrigonal cavities on the basal surface. 75 These same anhydrous ions are faintly visible in the 1W state of Ca-beidellite ( Figure 5 ). In the 2W state, calcium ions form a single peak at the midplane of the interlayer (outer-sphere surface complex). The magnesium profile at lower water content shows a single cation peak at the midplane and a splitting of the water oxygen distribution into four peaks. The outer water peaks are also present in the calcium 1W profile and correspond to water molecules forming strong hydrogen bonds with the surface. At a higher water content that corresponds to a d-spacing of 15.1 Å, only two water layers are seen, consistent with the 2W interlayer structures for the Na and Ca cases.
Comparing the montmorillonite density profiles with those for beidellite ( Figure 5) , it is clear that layer charge location has a strong effect on interlayer structure for both cation and water. Cations in the beidellite interlayer tend to remain closer to the clay surface at higher water contents than in the montmorillonite interlayer. In the 1W state of beidellite, for example, the interlayer sodium ions form two distinct peaks corresponding to surface adsorption compared to the broad centered profile seen in the montmorillonite interlayer. In the 2W state, sodium ions split to form three peaks in the beidellite interlayer, indicating both outer-sphere and inner-sphere surface complexes, compared to the single peak in the montmorillonite interlayer (outer-sphere surface complex). The 2W beidellite density profiles for calcium and magnesium ions also show three peaks, despite the large hydration energies for these The Journal of Physical Chemistry C Article divalent ions. Equilibrium snapshots from the 1W and 2W states of Na-montmorillonite and Na-beidellite are shown in Figure 6 and serve to illustrate the interlayer profiles discussed above.
GCMC Simulations. Simulations in the μVT ensemble were performed to determine water content in the interlayers at dspacings corresponding to plateau regions in the simulated swelling curves (Figures 2-3 , MD simulations in the NPT ensemble). Note that neither ensemble (μVT or NPT) can independently determine the thermodynamically stable swelling states under laboratory conditions (i.e., fixed temperature, pressure, and relative humidity). Swelling states can be examined in more detail using a combination of molecular simulation and osmotic framework adsorbed solution theory, 76 but such calculations are beyond the scope of the present work.
Water adsorption isotherms from the GCMC simulations are shown in Figures S1−S4 in the Supporting Information. Adsorption loadings are given in units of water molecules per unit cell (H 2 O·uc −1 ) for consistency with the MD swelling curves (Figures 2 and 3) . Isotherms for the Na-clays are consistent with published results for Na-montmorillonite from GCMC simulations 20, 77 and experiment. 27 Atomic density profiles of interlayer ions and water molecules for basal dspacing values of 12.0 and 15.0 Å (data not shown) are consistent with the MD results (Figures 4 and 5 ) and are representative of 1W and 2W states, respectively. The initial water uptake corresponds to ion hydration, 20 followed by a gradual increase in adsorbed water until a maximum loading is reached. For each ion, the maximum loadings (Table 3) are similar for montmorillonite and beidellite, indicating little dependence on location of layer charge. For both the 12.0 and 15.0 Å states, the maximum loading correlates with ion hydration enthalpy, and there is some dependence on ionic radius within each pair of monovalent and divalent cations. Clay interlayers containing the smaller divalent ions with their large hydration energies can accommodate more water. Although sodium and calcium ions have nearly identical radii, the much smaller sodium hydration enthalpy results in a substantially lower water content for the 12.0 Å phase. Clays containing the large and weakly hydrating cesium ion have even fewer water molecules per interlayer.
For a basal d-spacing of 15.0 Å, the presence of outer-sphere surface complexes for Na-, Ca-, and Mg-smectites results in a consistent water content regardless of ion size or hydration enthalpy. The maximum loading for the Na-smectites is slightly lower than that of the divalent cations because a small fraction of sodium ions form inner-sphere surface complexes with the basal surfaces. Although a 15.0 Å phase is not seen experimentally for Cs-smectites, cesium ions form exclusively inner-sphere surface complexes, resulting in a lower water content than the other model systems. It should be noted that the maximum loadings in Table 3 correspond to the basal dspacing values chosen for GCMC simulations, and these dspacing values may not correspond to exact thermodynamic or mechanical equilibrium.
By comparing MD swelling curves with GCMC adsorption isotherms, we can assign approximate RH ranges to gravimetric water contents corresponding to plateau regions in the MD swelling curves (Figures 2 and 3) . Water contents at specific RH values for 1W and 2W states are compared with experimental XRD profiling results for monovalent ions ( Figure  7 ) and divalent ions (Figure 8 ). The 1W state (12.0 Å) is dominant at low RH, which is consistent with experimental findings for Na-saponite 27 and Na-montmorillonite. 78 For cations that are known to form 2W states (Na + , Ca 2+ , Mg 2+ ), Figures 7 and 8 indicate that these phases begin to form at lower RH values for Na + compared to the divalent ions. Specifically, the onset of the 2W state in Na-clays at RH 0.6− 0.8 agrees well with experimentally determined values of approximately 0.50 and 0.60 for low-charge Na-saponite 27 and Na-montmorillonite, 78 respectively. Interlayer expansion to form the 2W state occurs at much lower RH (0.15−0.45) for the Ca-and Mg-clays (Figure 8) . Equilibrium snapshots from MD simulations at 1 atm and 298 K corresponding to the density profiles for (a) 1W Na-beidellite, (b) 2W Na-beidellite, (c) 1W Na-montmorillonite, and (d) 2W Namontmorillonite. The color scheme is the same as in Figure 1 . ) in the interlayer spans a wide range of ionic radii and hydration enthalpies.
Simulated swelling curves for montmorillonite with different interlayer cations agree well with published data. The effect of ion hydration enthalpy on clay swelling is evident for the divalent ions, which form complete hydration shells at very low water content (2−4 H 2 O·uc −1 for montmorillonite, 4−6 H 2 O· uc −1 for beidellite). Full hydration of calcium and magnesium ions is accompanied by interlayer expansion to form the 2W state. We also find that layer charge location has a strong effect on interlayer structure. When tetrahedral charge sites are present (beidellite), ions remain adsorbed to the surface (innersphere surface complexes) at much higher water contents compared to montmorillonite. Magnesium has the largest hydration enthalpy in our models, yet inner-sphere magnesium surface complexes are observed in the beidellite interlayer in the 2W state. In montmorillonite, in which the octahedral layer charge is further removed from the interlayer and partially screened by atoms in the tetrahedral sheet, all ions studied except cesium are completely hydrated (outer-sphere surface complexes) in the 2W state. In general, increasing temperature from 298 to 425 K shifts the swelling curves to higher basal dspacing values with very little difference in interlayer structure.
GCMC simulations were used to obtain water adsorption isotherms at basal d-spacing values corresponding to 1W and 2W states. The resulting isotherms were used to correlate RH values with water content from plateau regions from the MD swelling curves. Our assigned RH values and water contents for the 1W and 2W states in the model clays are consistent with experimental XRD profiling results. It has been estimated that heat-generating radioactive waste emplaced in large canisters will produce temperatures well in excess of 100°C. 79 As a potential follow-on application of this work, a consistent set of clay swelling and structural properties from molecular simulations at elevated temperatures could be used in the thermodynamic modeling of clay phases under conditions relevant to deep geological repositories. Therefore, exploiting molecular simulations, along with thermodynamic modeling and experimental investigations of clay hydrothermal interactions, can provide the scientific basis to advance thermal constraints in clay barriers within adequate compliance of the safety requirements.
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